Silicon single-photon detectors (SPDs) are the key devices for detecting single photons in the visible wavelength range. Here we present high detection efficiency silicon SPDs dedicated to the generation of multiphoton entanglement based on the technique of high-frequency sine wave gating. The silicon single-photon avalanche diodes (SPADs) components are acquired by disassembling 6 commercial single-photon counting modules (SPCMs). Using the new quenching electronics, the average detection efficiency of SPDs is increased from 68.6% to 73.1% at a wavelength of 785 nm. These sine wave gating SPDs are then applied in a fourphoton entanglement experiment, and the four-fold coincidence count rate is increased by 30% without degrading its visibility compared with the original SPCMs.
I. INTRODUCTION
Silicon single-photon detectors (SPDs) provide the primary solution for the detection of ultraweak light in the visible wavelength range 1 , and are extensively used in diverse fields such as biology, lidar, quantum communication, and quantum information processing. A silicon SPD is composed of a single-photon avalanche diode (SPAD) component and corresponding quenching circuit 2, 3 . Due to the intrinsic high performance of silicon SPAD and optimized quenching electronics, silicon SPD can exhibit much higher photon detection efficiency (PDE) and much lower dark count rate (DCR) than photomultiplier tube.
So far, there are two kinds of commercial silicon SPDs, including single-photon counting modules (Excelitas) 4 and PDM photon counting modules (Micro Photon Devices) 5 . Single-photon counting modules (SPCMs) exploit silicon SPADs of patented SLiK 6,7 structure with pretty thick depletion layer and 180 µm diameter active area, and exhibit excellent performance with ∼ 70% PDE at 650 nm, ∼ 100 cps DCR (depends on the part number), and ∼ 400 ps timing resolution. PDM photon counting modules, however, use epitaxial silicon SPADs with thin depletion layer (∼ 1 µm) and small active area, and patented integrated active quenching circuits. These SPDs exhibit ∼ 35% PDE at 650 nm, ∼ 50 cps DCR (depends on the grade), and ∼ 50 ps timing resolution.
Nevertheless, since the key parameters of both the commercial silicon SPDs are balanced aiming for the general-purpose use, in some specific applications the parameter of most interest should be individually optimized with the cost of the degradation of other parameters. For instance, in multiphoton entanglement experiments 8 , PDE is the most important parameter. Improving PDE of SPDs can directly increase the intensity of multiphoton entanglement and thus shorten the experimental integration time, while the accompanying increase of DCR a) Electronic mail: zhangjun@ustc.edu.cn almost does not affect its visibility due to the characteristic of multiple-fold coincidence.
Further, given n down-converted photon pairs created from a pulsed laser to generate multiphoton entangled states, the 2n-fold coincidence count rate C can be simply estimated as
where f is the repetition frequency of pump laser, µ is the probability of generating one photon pair per pulse, and η is the overall efficiency of each channel including the optical coupling efficiency and the detection efficiency of SPD (for simplicity, η is assumed to be the same in each channel). When PDE is improved by only 5% (relative value), the coincidence count rate can be increased by 63% for ten-photon entanglement experiment 9, 10 , which implies that the experimental acquisition time can be greatly saved.
The PDE of silicon SPD primarily depends on excess bias voltage V ex (V ex = V b − V br , where V b is the bias voltage and V br is the breakdown voltage of SPAD. For SLiKs 4 with considerably high V br , V ex is normally larger than 30 V to achieve high avalanche probability. Given the same SLiK, in order to obtain higher PDE than SPCMs, V ex should be further increased, which brings a technical challenge to redesign the quenching electronics.
In this paper, we present sine wave gating (SWG) silicon SPDs dedicated to the application of multiphoton entanglement. The SWG scheme is well suited for synchronous single-photon detection 11 . The quenching electronics based on high-frequency sine wave gating [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] are applied to the SLiKs disassembled from the commercial products of SPCMs. After the replacement, the PDE of each SPD is improved by 4 ∼ 9% compared with its original performance at a wavelength of 785 nm. We then perform a four-photon entanglement experiment using such SWG SPDs. The count rate of four-photon entangled states is increased by 30% without degrading its visibility compared with the result using SPCMs. 
II. SILICON SPD DESIGN
Fig . 1 shows the schematic diagram and the photo of the sine wave gating silicon SPD. The synchronized signal from the mode-locked Ti: sapphire laser with a repetition frequency of 76 MHz is used as the input of SPD. The input signal is doubled to 152 MHz first by a phaselocked loop (PLL) in order to shorten the gating width and thus to suppress the afterpulsing effect. Due to the limits of SPAD responses and weak avalanche extraction, the gate frequency cannot be too high. A tunable delay module is used to adjust the delay between the gates and photon arrivals in order to maximize PDE. The digital gate signals are converted into sine waves by a band-pass filter (BPF), and then the sine gates are amplified up to 50 V of V pp with a narrow-band radio frequency power amplifier (RFPA). The large-amplitude sine gates are AC coupled to the cathode of SLiK that is disassembled from a commercial SPCM. Such amplitude can apply higher V ex to the SLiK than SPCM, to achieve potentially higher PDE, as shown in Fig. 2(a) . The whole SPD system is supplied by a single 12 V DC power source with a total power dissipation of 18 W roughly. Temperature is an important operation condition for SLiK. Since the metal box of SWG SPD is also used as a heat sink for both SLiK and the whole quenching electronics, particularly RFPA, the stable operation temperature of SLiK cannot reach below ∼ 260 K. In our SPD, this temperature is finally set as 270 K for continuous operation using an integrated thermoelectric cooler (TEC).
The output signal from the SLiK is sampled on a 50-Ω resistor, and the avalanche signal is superimposed with the capacitive response signal, as shown in Fig. 2(b) . Further, this mixed signal passes through two band-stop filters (BSF, BSF-C160+, Mini-Circuits) with a stop band frequency from 150 MHz to 170 MHz and a rejection of 48 dB and one low-pass filter (LPF, RLP-105+, MiniCircuits) with a cut-off frequency of 116 MHz to eliminate the capacitive response signal and to extract the avalanche signal. After the filtering circuits, the final avalanche signal, as shown in Fig. 2(c) , can be easily discriminated by a comparator.
III. SPD CHARACTERIZATION AND APPLICATION TO FOUR-PHOTON ENTANGLEMENT EXPERIMENT
We perform single-photon characterization at 785 nm for 6 SLiKs disassembled from commercial SPCMs, and performance comparison between our SWG SPDs and the original SPCMs. The single-photon characterization setup is shown in Fig. 1(a) . The pulsed laser (PL, picoquant) is triggered by a 7.6 MHz synchronized LVTTL signal, and the laser pulses with a width below 100 ps pass through a variable optical attenuator (VOA), a 99:1 beam splitter (BS), and a fixed optical attenuator (FOA). The laser intensity is finally attenuated down to a level with a mean photon number per pulse of 0.1. One port of the BS is continuously monitored by a calibrated optical power meter (PM). We then use a counter (53220A, Agilent) and a time-to-digital converter (U1051A, Agilent) with 50 ps timing resolution to measure the parameters of PDE, DCR and afterpulse probability (P ap ) for our SPDs and the original SPCMs.
The measured results are shown in Table I . It clearly shows that the parameter of most interest, PDE, has been relatively increased in a range from 4% to 9% for each commercial SPCM. Moreover, DCR performance of SWG SPDs is basically lower than that of SPCMs, due to the advantage of duty cycle in our quenching scheme. For one SLiK (part number: SPCM CD 3428 H 24276), DCR of SWG SPD is slightly higher than SPCM, since in this case V ex is set to an extremely high value to obtain higher PDE. As for the parameter of P ap , the results in two cases are comparable each other. The SWG SPD cannot show significant advantage over SPCM in terms of afterpulse probability, which is due to the fact that P ap is related with many factors such as operation temperature, excess bias voltage, hold-off time, avalanche duration time and parasitic capacitance.
These SWG SPDs are then used for the observation of multiphoton entangled states in order to evaluate the increase of coincidence count rate. The experimental setup is shown in Fig. 3 . An ultraviolet laser successively passes through two BiB 3 O 6 (BiBO) crystals to independently create two polarization entangled photon pairs via spontaneous parametric down conversion (SPDC) process, as illustrated in Fig. 3 . Since we apply the technique of Bellstate synthesizer 21 to prepare the entangled photon pairs, these two polarization entangled states can be written as
where |H (|V ) represents horizontal (vertical) polarization. Photon 2 and photon 3 are then directed to a polarizing beam splitter (PBS) to ensure spatial indistinguishability between photons from the two different BiBO crystals. Through fine adjustments, photon 2 and 3 simultaneously arrive at the PBS. Since the PBS transmits horizontally polarized photons and reflects vertically polarized photons, the four-fold coincidence events of photon 1, 2, 3 and 4 indicate the demonstration of four-photon Greenberger-Horne-Zeilinger (GHZ) state
During the measurements, we use the Hong-OuMandel-type interference 22 to evaluate the performance of prepared four-photon GHZ states. Each photon is measured in the basis of |± (|± = (|H ± |V )/ √ 2), which can be realized by setting the HWP at 22.5
• . In the experiment, we measure photons 1 and photon 4 deterministically in the |+ basis. Theoretically, the fourphoton GHZ state only contributes to the components of |++++ and |+−−+ , that is, only two four-fold coincidence counts, D1D2D5D6 and D1D3D4D6, can register. However, in practical situation, the higher-order emissions and partial distinguishability between SPDC photons can yield the noisy terms, | + + − + and | + − + + . Thus, the four-fold coincidence count events contain all four components, i.e., | + + + + , | + − + + , | + + − + , and | + − − + .
The measured results of four-fold coincidence counts per minute using both SWG SPDs and the corresponding SPCMs are listed in Fig. 4 , in which the coincidence count rate of four-photon entangled states is increased by 30%. Such increase agrees very well with the values of ∆η as shown in Table I , and most importantly the visibility of entangled photons is not degraded, with 68.7% for SPCMs and 68.9% for SWG SPDs.
IV. CONCLUSION
In conclusion, we have presented high detection efficiency silicon SPDs aiming for multiphoton entangle-ment experiments based on the SWG scheme. After redesigning the quenching electronics for SLiKs disassembled from commercial SPCMs, the characterized performance, particularly PDE, can be effectively improved. These SWG SPDs have been used in four-photon entanglement experiment, and the four-fold coincidence count rate is increased by 30% without degrading its visibility compared with the original SPCMs. Our approach provides an effective solution for the applications requiring ultrahigh detection efficiency silicon SPDs.
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